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C. T. SENNETT 
Royal Radar Establishment, Great Mdvern, Wnrceslershire, England 
AND 
J. P. RUSSELL 
R.C.A . Laboratories, Zicruh, S-wilzerland 
(Keceived 16 May 1968; revised manuscript received 12 September 1968) 
The second-order Raman spectrum of NaF has been measured using an argon laser source. For a light 
beam incident along the [OlO] direction, polarized along the [OOl] direction, and viewed along the [I001 
direction, the scattered radiation is almost completely polarized. I t  is shown theoretically that it is possible 
to account for the polarization and the detailed shape of the observed spectrum within the experimental 
resolution using a Raman polarizability tensor whose second derivatives with respect tonuclear displacements 
depend only on the positions of first neighbors in the crystal, provided one uses the phonon frequencies 
derived from a deformation dipole model that includes second-neighbor F--F- interactions. By assuming 
that the polarizability is dec t ed  only by central displacements of the nearest neighbors, the number of 
independent polarizability derivatives is reduced from eight to three. This assumption also gives a vanish- 
ing depolarized intensity in agreement with the experimental results. The second-order dserence spectra 
have also been evaluated, and are found to be much more sensitive to the relative magnitudes of the various 
polarizability derivatives. 
I. INTRODUCTION 
W ITH the recent advent of laser sources there has been a resurgence of interest in Raman spec- 
troscopy, which has consequently progressed from being 
an experimental tour de force to being a standard spec- 
troscopic technique for the study of the solid state. The 
reason for this change is that a laser source is both 
highly intense and highly monochromatic; the first 
property makes it possible to observe spectra one or 
two orders of magnitude more rapidly, and the second 
property, in principle, ensures that the measured 
spectrum is clearly defined and not obscured by 
Rayleigh-scattered exciting radiation, as is the case of 
spectra taken with a conventional mercury discharge 
source. However, this second property can only be fully 
exploited if one uses a photon counting detector rather 
than a photographic plate, since halation about the 
central line obscures the low-frequency part of the 
spectrum. Moreover the response of a photographic 
plate is by no means linear, so that a microdensitometer 
trace of a photographically recorded spectrum does not 
provide a true picture of that spectrum. 
However, as a first stage, one can simply utilize the 
great intensity of a laser source to observe Raman 
spectra which are too weak to be seen by conventional 
methods, and provided the frequency shifts are large, 
photographic recording is simple and adequate. Both 
characteristics are present for the fluorides of the lighter 
alkali metals since the low polarizabilities of the con- 
stituent ions lead to weak Raman scattering, while the 
small ionic masses lead to high phonon frequencies. 
Also, since these crystals have the NaCl structure, the 
lowest order allowed Raman scattering is a two-phonon 
process, which is inherently weak. 
The most extreme case is LiF, but so far as we know, 
it has not yet been possible to observe the Raman 
spectrum of this crystal. The next crystal in the se- 
quence is, of course, NaF. In this case we are fortunate 
in that the phonon dispersion curves have recently been 
measured both by thermal diffuse x-ray scattering1 and 
by inelastic neutron s~at ter ing.~ Furthermore, we have 
shown in another pape? that theoretical calculations 
based on our deformation dipole model with second- 
neighbor F--F- interactions reproduce the observed 
dispersion curves extremely well when one considers 
that none of the model parameters have been adjusted 
to fit the observed dispersion curves. Thus, we may 
reasonably assume that our model provides a satis- 
factory way of calculating the frequencies of all pairs 
of phonons involved in second-order Raman processes. 
* Work performed, in part, under the auspices of the U. S. 
Atomic Energy Commission. 
t.Consultant to Lawrence Radiation Laboratory, Livermore, 
Cal~f. 
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' J. D. Pirie and T. Smith (private communication). 
W. J. L. Buyers, Phys. Rev. 153, 923 (1967). 
A. M. Karo and J. R. Hardy, University of California Lawrence 
Radiation Laboratory Report No. UCRL-71085 (unpublished). 
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FIG. 1. Experimental 300°K second-order Raman spectrum of 
NaF (resolution = 10 cm-1). The positions of definite features are 
marked A ,  B, etc. (Asterisks refer to the edges of the main 
features; the small high-frequency bump I1 may be a third-order 
line.) 
This degree of certainty about the phonon frequencies 
allows us to concentrate our attention on the selection 
rules governing Raman processes. The first and most 
basic of these, which is imposed by the translational 
symmetry of the lattice, states that, in a two-phonon 
Raman process, the phonons involved have to have 
equal and opposite wave vectors, q and -q. Subject 
to this restriction, there are three types of Raman 
processes: the Stokes process, in which two phonons 
are created; the anti-Stokes process, in which two 
phonons are destroyed; and difference processes, in 
which one phonon is created and one destroyed. The 
last two types of processes are only present at  finite 
temperatures, since a destruction process is propor- 
tional to N,,j, the number of phonons initially present 
( j  being the branch index), while a creation process is 
proportional to iV,,j+ 1. Therefore, a second-order 
Stokes process is proportional to (N,, j+ 1) (N-,,jp+ 1), 
while the corresponding anti-Stokes and difference 
processes are proportional to Nq,jN-,,j~ and (N, ,  j+ 1) 
XN-,,jt, respectively. At absolute zero, when all the 
N's are zero, obviously only the first type of process 
remains. 
With these facts in mind, one can make a first pre- 
diction of the ex~ected form of the second-order Raman 
spectrum by assuming that all possible allowed com- 
binations have the same weights, apart from the differ- 
ences in phonon occupation numbers. In an earlier 
paper on NaC1,4 we computed the second-order Raman 
spectrum of that crystal on the basis of this combined 
density-of-states approximation. The calculation was 
carried out in the 0°K limit, and thus we obtained only 
the Stokes component. At the time the results seemed 
to be in reasonable agreement with the experimental 
spectnun of Welsh et U Z . , ~  even though this spectrum 
was taken a t  300°K. However, subsequent measure- 
ments by Worlock6 taken with a laser source, both at  
'A. M. Karo and J. R. Hardy, Phys. Rev. 141, 696 (1966). 
H. L. Welsh, M. F. Crawford, and W. J. Staple, Nature 164, 
7.47 (loPo\ 
300 and 80°K, are in marked disagrea-ilent with the 
data of Welsh et al."l\loreover, the use of a laser sourcc 
made it possible to determine the degree of polarization 
of the Raman-scattered radiation, and it was found 
that for a heam incident along the [OlO] directiou. 
polarizcd ,tlong thc [0()1] direction and viewed along 
the [loo] direction, the scattered radiation was almost 
completely polarized in the same direction as the 
incident beam. This indicates that the density-of-states 
approximation is inadequate, and that it is necessary 
to consider a detailed model of the Raman polarizability 
tensor. However, the origin of the discrepancy between 
U'orlock's results and those of \Velsh et al. is not at all 
clear. One possibility, suggested by iVorlockG is that 
in the conventional experiment, where the specimen is 
illuminated by a high-pressure mercury discharge lamp 
its temperature becomes significantly elevated above 
that of its surroundings. Thus the spectra taken by 
Welsh et al. are appropriate, not to 300°K, but to some 
higher temperature. This is a possibility, but it raises 
a further problem as to whether or not a change in 
temperature is capable of radically modifying the 
general shape as opposed to the intensity of the Stokes 
component of the spectrum. If this is so, then f orlock's 
hypothesis is probably true; certainly the difference 
between his 80 and 300°K spectra suggests that such 
a modification is possible. Therefore, in addition to 
considering theoretically the effects of variations in the 
Raman polarizability tensor, it is of importance to 
carry out our calculations for at  least two different 
temperatures, the most obvious pair being 0 and 300°K 
(i.e., room temperature). 
These considerations for XaC1 are equally relevant 
to the present theoretical and experimental investi- 
gation of NaF, which we decided to pursue first before 
attempting any further work on h-aC1. 
11. EXPERIMENTAL RESULTS 
The apparatus used has been described in detail 
el~ewhere.~ The source was a 1-14' Raytheon argon laser, 
and the spectra were recorded photographically with a 
Hilger and Watts Raman spectrograph. The specimen 
was a high optical quality XaF crystal, cubic in shape, 
having (100) faces. The scattering geometry was the 
same as that used by Wor lock~or  NaCl. The use of 
exposures up to 6 h made it possible to observe the 
Raman-scattered Stokes component from both the 
4880 A and the 5145 A exciting lines. The polarized 
component alone was observable, implying that the 
depolarized component was a t  least five times weaker, 
and thus one can say that the scattered radiation is 
almost completely polarized. 
The spectrum obtained is shown in Fig. 1, and all 
clearly defined features have been labeled. I t  should be 
stressed that the intensity scale, which refers to a 
. - . , - - - - , . 
J. Worlock, aper presented a t  1966 Edinburgh Conference 
on Phonons; an8(privgte commnnication). 
' J. P. Russell, in Phonons, edited by R. W. H. Stevenson 
(Plenum Press, Inc., New York, 1966), p. 235. 
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photographic plates is both nonlinear a t  any given than another in the observed trace, then it is also 
wavelength and also wavelength dependent. However, weaker in absolute intensity. 
ion (RI) model assuming constant 
polarizability matrix elements. (a) 
300°K Stokes and anti-Stokes spectra; 
positions of experimental features (see 
big. 1) are indicated by A ,  B, etc. 
Features marked (P) etc., are definite 
theoretical features uhich are absent 1 
from the observed spectrum. (b) Cor- ' $  
responding 300°K R I  difference spec- 
trum. (c) O°K Stokes spectrum with I 
corresponding combination frequen- + 
cies plotted against wave vector q t: 
along various symmetry directions. V) 
The features labeled a, b, etc., on the $ 
spectrum correspond to the appro- Z 
priately marked critical points on the 
combined dispersion curve. Any given 
feature may have more than one 
critical point associated with it. 
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observed spectrum, it should be re- - 9  - 8  - 7  -6 -5  - 4  - 3  - 2  - 1  0 1 2 3 4 5 6 7 8 9 
membered that in the present approxi- FREQUENCY SHIFT, w 6013 
mation, the theoretical spectrum is 
completely depolarized ) FREQUENCY SHIFT, u 
noi3 ,.-I, 
l l l l l l l l l l l l l l l l l -  
(b) 
I 
840 H A R D Y ,  K A R O ,  S I O R R I S O N ,  S E N N E T T ,  . A N D  R U S S E L L  179 
111. COMBINED DENSITY OF STATES to a simple histogram derived for a sample of 64 000 q 
The first stage in our interpretation of the observed 
second-order Raman spectrum is the computation of a 
simple combined density of states, without selection 
rules but including temperature weighting. 
Thus, we compute a density function p(w) given by 
where the N's are the phonon occupation numbers 
appropriate to the temperature being considered. In 
practice, we compute a histogram of p(w) obtained 
using a finite sample of q vectors. In the process we 
deliberately make Aw too small. Then, to the irregular 
histogram steps so obtained, we fit a sequence of 
Gaussians and adjust their mutual half-widths until a 
smooth curve is obtained. We have used this technique 
in earlier papers8t9 and found that the curves which 
resulted reveal considerably more true detail than 
simple histograms. 
Together with the combined densities of states we 
also compute combined dispersion curves (i.e., 
w= W , , ~ + W - , , ~ I  versus q), which are plotted on the same 
frequency scale as the combined density of states. These 
curves have been obtained for all the principal sjm- 
metry directions of the NaCl structure, since whenever 
one of these curves has zero slope or wherever two such 
curves cross, we expect a Van Hove singularitylOJ1 in 
the density of states. Also, for convenience and clarity, 
we have obtained separate plots of the difference 
spectra, given by the second term in Eq. (1). 
Thus, in Fig. 2 we show the combined densities of 
states for the rigid ion (RI) model of NaF which has 
been described in detail el~ewhere.~ The 300 and O°K 
results are shown separately. For the room-temperature 
case the difference bands are also obtained; and for the 
low-temperature case, where the anti-Stokes and 
difference bands are absent, the combined dispersion 
curves are shown. In Fig. 3 we show the corresponding 
results for the deformation-dipole next-nearest-neighbor 
(DDNNN) model, which we have founda gives the 
closest fit to the observed single-phonon dispersion 
curves.lJ 
For both models, the basic histogram is derived for a 
sample of 8000 q vectors within the first Brillouin zone. 
We believe that our Gaussian-smoothing technique 
makes this equivalent in the amount of detail revealed 
A. M. Karo and J. R. Hardy, Phys. Rev. 160, 702 (1967). 
A. M. Karo and J. R. Hardy, J. Chem. Phys. 48,3173 (1968). 
lo L. Van Hove, Phys. Rev. 89, 1189 (1953). 
l1 J. C. Phillips, Phys. Rev. 104, 1263 (1956). 
vectors in the reduced zone. 
In considering the two room-temperature combined 
densities of states. it is seen that the DDNNN model 
reproduces the observed spectrum somewhat better, 
with one important discrepancy: The sharp subsidiary 
peak marked " M u  on the-theoretical spectrum is com- 
pletely absent from the observed spectrum. Also, there 
is a less obvious discrepancy in that the strong sub- 
sidiary peak "i" on the low-frequency side of the main 
~ e a k  in the theoretical combined densitv of states is 
suppressed in the observed spectrum. Furthermore, the 
observed major peak "F" occurs at  a significantly 
higher frequency that in the theoretical combined 
density of states. However, the theoretical rigid ion 
results can be seen to be significantly worse; in par- 
ticular, there are three unobserved high-frequency 
peaks, "P," "Q," and "R," and the broad main peak 
is even further below the position of the observed peak. 
Unfortunately, not very much can be said about the 
difference spectra since theoretically these are relatively 
weak, and the computed bands occur at  frequencies too 
close to the exciting radiation to be observed photo- 
graphically. This is to be regretted, for it is evident 
from both Figs. 2 and 3 that the difference spectra are 
somewhat more sensitive to the model one uses than 
are the Stokes and anti-Stokes spectra. Moreover, this 
is found to be even more apparent in our later 
calculations. 
I t  is evident from comparison of the Stokes spectra 
alone that the combined density-of-states approxi- 
mation is inadequate. Furthermore, this approximation 
does nothing to explain the polarization of the observed 
spectrum. To proceed further, it is evidently necessary 
to consider a detailed model of the polarizability tensor, 
and this we shall now proceed to do. 
IV. DERIVATION OF THE RAMAN 
POLARIZABILITY TENSOR 
In principle, the second-order Raman polarizability 
tensor is calculated by applying fourth-order per- 
turbation theory, where one considers those terms that 
are second order in both the electron-photon and the 
electron-phonon interactions. This is similar to the 
calculation of Loudon12 for the first-order Raman 
scattering in diamond-structure materials. However, 
there one need consider only terms that are linear in 
the electron-phonon interaction. For the second-order 
tensor, such computation is a t  present totally im- 
practical since it requires a detailed knowledge of the 
band structure of the crystal and of the electron-photon 
and electron-phonon matrix elements throughout the 
Brillouin zone. Knowledge of these quantities, par- 
ticularly the electron-phonon matrix elements, is far 
too incomplete for these purposes. 
R. Loudon, Proc. Roy. Soc. (London) A275,218 (1963). 
We are thus compelled to fall back on the phe- Therefore, if Pa8 is the polarizability, we may write 
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nomenological theory of Born and Huang13 based on 
making a power-series expansion of the electronic pa~=f'm~O+C .., Pa~.y6(lk,l'k')E(I,k)~ i(l',kr)a , (2) 
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FIG. 3. Results, as given in Fig. 2, 
for the DDNNN model. (a) 300°K 
Stokes and anti-Stokes spectra with 
experimental features as in Fig. 2. (b) 
Difference bands at 300°K. (c) 0°K 
Stokes spectrum versus combined 
dispersion curves with critical points 
indicated on both. 
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11' polariz~bility in the n~cleardis~lacements.  kkl 
76 
" M. Born and K. Huang, Dynamical Theory of Crystal Lattices 
(Oxford University Press, New York, 1954), p. 306. where we follow the usual notation: Greek subscripts 
(b) 
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FRECUENCY SHIFT, o c0l3 set-') 
FREQUENCY SHIFT, w 
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refer to Cartesian com1)onents; 1, 1' are cell indiccs; 
;tnd k, k' arc either 1 or 2,  accortling to  the t!pc of ion 
considered. The ['s are nuclear displacements and 
PaB,,~(lk,l'kl) is the second derivative of Pa0 with 
respect to .$Jl,k).i  and { ( l ' . k1 )b .  (We note that .  Ihc 
corresponding first derivatives arc zero 1)). s~ n ~ ~ n c t  1.) .)
The next step is to Fourier transform Pus. Before 
proceeding to do this, it is in order to observe that this 
phenomenological approach is unlikely to be of much 
practical value unless it is possible to restrict the sum- 
mation over pairs of lattice sites in Eq. (2) to near 
neighbors. Otherwise, the number of unknown param- 
eters will be far too large to be fixed in any meaningful 
way. In  practice, we are in immediate trouble if we go 
only as far as first neighbors, since even for these, 
symmetry alone will not reduce the number of distinct 
components of Paa,,a(lk,l'kl) below eight, and we shall 
need additional information to reduce this number 
further. Fortunately, as we shall see in detail later, the 
strong polarization of the observed spectrum is ex- 
tremely helpful in this respect. I t  shall be our purpose 
to show that this reduces the number of parameters to 
the point whcre the shape of thc calculated spectrunl is 
reasonably insensitive to the relative magnitudes of 
the remaining parameters. 
For the scattering geometry of interest to us, only 
the two polarizability elements P,, and P,, are required. 
When the second term in Eq. (2) is Fourier transformed, 
the terms which couple to phonon pairs of wave vectors 
q and -q and branch indices j and j', i.e., 
are given by 
These are the general expressions when the sum- 
mation over lattice sites in the second term on the 
right-hand side of Eq. (2) is restricted to first neighbors 
(cf. Born and Bradburn14). 
The eight constants a, b, . . . , g are the eight inde- 
pendent polarizability derivatives, ro is the nearest- 
neighbor distance, and the a's are the eigenvectors of 
the Fourier-transformed dynamical matrix divided by 
the square roots of the appropriate masses. [For 
example, a,(kl -q, j') contains a factor of ml-'I2.] I t  
is important to note that two phase conventions are 
used in Born and Huang, one in Chap. V and a second 
in Chap. VI. I n  their formula for PUB given in Eq. 
(39.16) the second convention is used. We have used 
the first. since this is the form in which the einenvectors 
u 
from our equations of motion are obtained. 
As they stand, Eqs. (3) and (4) are of no practical 
use since they contain too many unknown constants. 
The number can be reduced by making what is, at  this 
stage, only a plausible assumption: namely, that the 
polarizability is affected only by central displacenlents 
of the nearest neighbors (i.e., changes in bond lengths). 
If this is done, it is found that b =  c= dl and e=  j= g= 0. 
l4 IM. Born and 31. Bradburn, Proc. Roy. Soc. (London) .4241, 
105 (1948). 
This second result is extremely important, because it 
means that P,, = 0. 
Now for the scattering geometry we are considering, 
i t  follows from Eqs. (49.1) and (49.2) of Born and 
Huang that the scattering intensity of the polarized 
component I , ,  (q ; j j ' )  for a given combination is given 
b Y 
while the depolarized intensity is given by 
where the w's are the phonon frequencies, and A is some 
constant, proportional to the incident intensity. 
We can now see that, since the observed spectrum is 
effectively 100yo polarized, then one can infer that 
P,,=O. Thus, the "central polarizability" assumption 
is strongly supported by the experimental results, and 
we may therefore be able to predict the form of the 
observed polarized spectrum using only three param- 
eters : a, b, and d2. However, since we only need to derive 
relative intensities, we have only two disposable con- 
I:IG. 4. Predicted polarized spectra 
for the KI  model using the two polar- 
izability options, 1 and 2,  described in 
the text. (a) Predicted intensities, in 
arbitrary units on a linear scale, of the 
O°K Stokes spectra plotted against the 
0°K combined dispersion curves. The 
correspondence between the various 
peaks in the spectrum and critical 
points, where this exists, is indicated 
by labels a, b, etc., on both the spectra 
and on the dispersion curves. (1)) In- 
tensities in arbitrary units of the 
300°K Stokes and anti-Stokes spectra 
for both options for the R I  model. 
Experimental features are labeled A ,  
B, etc. [Note that in (a) and (b) the 
zero of intensity for variation 2 is dis- 
placed vertically with respect to vari- 
ation 1. Also, although both variations 
are shown with a common (arbitrary) 
scale of intensity, we are not pre- 
dicting the relative intensity except 
that it is constant throughout the 
spectrum.] 
I: .I SI .I S S 1' E C 'I' I< L 11 0 1; S a 1: 
FREQUENCY SHIFT, U 
INTENSITY -arbitrary units I' L W X  X 
2 Q Z Z A 
WAVE VECTOR, q 
VARLATION I - 
VARIATION 2 ---- 
(b) 
1? EXPERIMENTAL 
RESOLUTION 
,. 
- 
$ 
z 
5 
z 
i l l l l  
-13 -12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 13 1 1  12 I3 
stants: b j a  and d2/a. What we now propose to show is 
that, within reasonable limits, the calculated spectrum, 
a t  least as far as the Stokes and anti-Stokes com- 
ponents are concerned, is relatively insensitive to these 
ratios. However, we shall also find that the calculated 
difference bands are much more sensitive to the ratio 
ds/a. 
The intensity to be calculated is given by the right- 
hand side of Eq. (I), except that  each sample combi- 
nation must be weighted by the appropriate value of 
derived from Eqs. (3) and ( 5 ) .  -1s in the case of the 
simple combined density-of-states calculation, it is 
evpedient to calculate the Stokes and anti-Stokes 
components simultaneously. but to display the differ- 
ence coniponents separately. The reason for this is that, 
while the densities of states for Stokes and anti-Stokes 
processes are mirror images, difference processes are 
determined by a completely distinct density of states, 
and it turns out that they d i sp lq  a completely different 
  nod el dependence from the Stokes and anti-Stokes 
lines. 
FREQUENCY SHIFT, u (10'~ sec-') 
Because we have no real a  priori knowledge of the 
magnitudes of the ratios c /a  and d,/a, we have made 
calculations for what seem to be two reasonable ex- 
treme sets of values that should effectively bracket the 
true values. .4t one extreme (variation 1) we assume 
that c= d~ = 0 and a t  the other extreme that a = da and 
c a =  -2p,'ro, where p is the Born-Mayer screening 
radius for the overlap repulsive potential. 
These choices seem to be reasonable, since in the first 
case we are almost certainly underestimating the ratio 
of (IL 'a, while in the second we are probably over- 
estimating it. IToreover, it is unlikely that ti, and a will 
have opposite signs. Considering the choice of c/a, 
again the first option probably represents an under- 
estimate while the second option is plausible, since c 
represents the effect of bond shearing, which is expected 
to be smaller than that of bond stretching and of 
opposite sign. 
In  Fig. 1 the calculated spectra dre shown ior vari- 
ations 1 and 2 for the RI  model computed for both 0 
xnd 300°K. At ver) low temperatures there exists onl? 
a Stokes spectrum, which has been plotted together 
with the combined dispersion curves along the principal 
844 H . \ R D Y ,  K . . \ l i O ,  . \ I O I I R I S O S ,  S E N N E T T ,  A N D  R U S S E L L  
FIG. 5. Polarized 300°K dserence 
bands predicted for the R I  model in- 
cluding the effects of variations 1 and 
2 in the polarizability tensor. (a) Vari- 
ation 1. (b) Variation 2. (Note that 
theintensity scales arelinear but differ 
in various figures so that the results 
can be conveniently displayed.) 
symmetry directions. For the room-temperature case, for the DDNNN model are given in Figs. 6 and 7. 
the Stokes and anti-Stokes combination spectra are Throughout these calculations, the same sample of q 
given, since we wish to discuss the difference bands vectors and the same Gaussian smoothing technique 
separately. In  Fig. 5, the difference spectra corre- have been used as for the combined density-of-states 
sponding to 300°K are shown. Corresponding results calculations. 
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FIG. 6. Predicted polarized spectra 
for the DDNNN model using the two 
polarizability options described in the 
text. (a) Predicted 0°K Stokes spec- 
trum versus combined dispersion 
curves with critical points indicated. 
(b) Predicted 300°K Stokes and anti- 
Stokes spectra with the experimental 
features labeled as in Fig. 4. 
FIG. 7. Polarized 300°K difference 
bands predicted for the DDNNN 
model including the effects of vari- 
ations 1 and 2 in the polarizability 
tensor. (a) Variation 1. (b) Variation 
2. 
V. DISCUSSION OF RESULTS 
From a comparison of Figs. 2 and 3 with Figs. 4-7, 
i t  is evident that the general effect of including the 
polarizabilities is a marked suppression of subsidiary 
structure. I n  particular, there is one important and 
striking improvement: namely, the strong sharp peaks 
near the exciting line in the 300°K densities of states 
have been removed. This is satisfying because these 
are unphysical and have their origin in the very large 
occupation numbers of the low-frequency acoustic 
phonons, leading to a gross overweighting of the corre- 
sponding two-phonon processes. When the polariza- 
bilities are included, this overweighting is eliminated by 
the fact that the intensities tend to zero as q-+  0 for 
pairs of acoustic phonons. Physically, this corresponds 
to the correct limiting behavior, since a uniform trans- 
lation of the crystal is obviously not Raman active to 
any order. These results are also relevant to our earlier 
work on the 300°K Raman spectra of the cesium 
 halide^,^ where we obtained similar peaks for the same 
reason. 
Apart from the removal of this anomaly, the effects 
of allowing for the variations of the Raman polariza- 
bility tensor are extremely striking. This can be seen 
in detail in Figs. 4 and 6, where the positions of the 
various observed features are shown on both the R I  
and the DDNSN-computed Stokes spectra appro- 
priate to 300°K. I t  can be seen that the R I  spectra for 
both variations 1 and 2 are in very bad agreement with 
experiment. Almost all the computed features, in par- 
ticular the main peak, occur a t  frequencies about 10% 
lower than the corresponding experimental features. 
Moreover, the main co~nputed peak is significantly 
sharper than that in the observed spectrum. However, 
when we refer to the computed DDNNN spectra, the 
agreement between theory and experiment is re- 
markable. For variation 1 we can justifiably say that 
within the limits of accuracy imposed by resolution 
on the experimental spectrum. the agreement between 
is exact. However, the relative intensities of the two 
components of the main peak, E and F, are reversed 
in the theoretical spectrum; the former being slightly 
stronger. This is the only definite discrepancy between 
theory and experiment. The appearance of subsidiary 
structure in the theoretical curve which is apparently 
absent from the experimental spectrum is of no sig- 
nificance a t   resent. since the ex~erimental resolution 
is too broadA to rev'eal these feaLures which could be 
genuinely present. 
With regard to the spectrum predicted by variation 
2, one can see from Fig. 6 that, except on a very fine 
scale, it is almost the same as that predicted by vari- 
ation 1. The only significant difference is in the st.ructure 
of the main ~ e a k .  Here the relative intensities of the 
high- and low-frequency components are in the correct 
order compared with the experimental peak, but the 
whole peak occurs a t  slightly too high a frequency. 
However, this discrepancy is insignificant a t  present 
since i t  is scarcely larger than the uncertainty in the 
positions of the experimental features. 
Thus, we can say that both variations 1 and 2 for 
the DDKNN model re~roduce the observed sr)ectrum 
with remarkable precision. In  fact, as far as we know, 
nothing approaching the present agreement between 
theorj- and esperiment has yet been achieved in any 
other work on the second-order Raman spectra of other 
crystals. To soine extent this is probably due to the 
marked insensitivity of the computed spectra to the 
relative magnitudes of the polarizability tensor com- 
ponents for the particular case of NaF. UTe have recently 
completed a corresponding investigationi5 of CsF and 
find very large differences between the results of vari- 
ations 1 and 2. Finally, for NaF, since we cannot rule 
out the existence of a very weak depolarized spectrum, 
we have tried using a set of parameters a, b, etc., for 
the polarized spectrum which are not subject to 
"central" constraints. This is a mixture of variations 1 
and 2 with only a and b nonzero. The resulting spectrum 
the positibns of expel'imental and theoretical features l 5  A. 31. Karo and J. X. Hardy, Phys. Rev. 168, 1034 (1968). 
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is so similar to variation 1 that it is not reproduced. 
The only significant difference is that the main peak 
(E,F) resembles the experimental peak even more 
closely in that F is the stronger component, with 
E appearing as a slightly weaker low-frequency 
shoulder. 
For the difference bands, we can only present the 
theoretical results. since there are no ex~erimental data. 
I t  can be seen that for each model, viriations 1 and 2 
lead to strikingly different results. This in itself fully 
justifies separate presentation of these data. Obviously, 
experimental observation of these difference spectra 
would provide a very useful way of fixing the relative 
magnitudes of the parameters a, b, etc., in the polar- 
izability tensor. This problem could also be usefully 
examined by more precise measurements on the 300°K 
Stokes spectra. I n  addition, it would be interesting to 
have low-temperature data available to compare with 
our predicted spectra; conceivably these would show 
more fine detail. I n  all cases, it is obviously desirable 
that the intensities be measured by some strictly linear 
recorder. 
P I I E ' S I C A L  R E V I E L V  V O L U M E  1 7 9 .  N U M B E R  3 1 5  M 1 R C E I  1 9 6 9  
F Center in Cesium Fluoride : Optical Absorption Properties* 
T. A. FULTON~ AND D. B. FITCHEN 
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(Received 7 November 1968) 
Studies of the well-resolved triplet line shape of the F band in cesium fluoride and its temperature depen- 
dence, magnetic circular dichroism, and stress-induced behavior are reported. The results are in accord with 
the picture proposed by Moran, in which the triplet structure results from a combined spin-orbit coupling 
and Jahn-Teller effect in the excited states, although an accurate numerical calculation of the line shape 
predicted by his adiabatic model shows certain features not found experimentally. The circular-dichroism 
results show that the contribution of the TI, lattice modes to the F-band second moment is = 15yo. This 
relatively weak coupling, taken along with the spin-orbit stabilization of the Pa, and rs, mode interactions, 
results in the component bands of the line shape being quite narrow. These narrow bands are comparable in 
width to optical-phonon energies in cesium fluoride, so that discrete optical-phonon transitions are observed 
in the F band. 
I. INTRODUCTION electronic and nuclear coordinates. This strong electron- 
T HE F center, an electron trapped a t  a negative ion vacancv in an ionic crvstal, has been an 
d ,  
object of investigation for many years, particularly in 
the alkali halides. Much of the work has concerned the 
prominent optical absorption band (F band) lying in 
or near the visible region of the spectrum. This band 
arises from transitions from the S-like ground state to a 
P-like set of excited states and, typically, has an 
oscillator strength >0..5. I t  is relatively broad, -0.2 
eV a t  O°K, and is nearly Gaussian in shape in the 
commonly studied alkali halides such as KC1, KBr, or 
SaC1. 
The nature of the states of the F center is of interest 
because the potential binding the electron is provided 
solely by the host lattice ions, in contrast to localized 
states based on impurities. Consequently, the coupling 
of the electronic states to the ionic motion is strong 
and the states of the center are vibronic, involving both 
* Work supported primarily by the Y. S. Atomic Energy 
Commission under Contract No. AT (30-1)-3464, Technical 
Report No. NYO-3464-14, and also by the Alfred P. Sloan 
Foundation. The Advanced Research Projects Agency is also 
acknowledged for the use of the central facilities of the Materials 
Science Center at Cornell Vniversity, MSC Report No. 996. 
t Present address: Bell Telephone Laboratories, Murray Hill, 
X. J. 07974. 
lattice coupling is responsible for the breadth and 
featureless s h a ~ e  of the F band and Dresents theoretical 
treatments with substantial difficulties. 
Experimentally, extracting much information about 
the states of the F center from the relatively featureless 
F band is a difficult task. A number of advances in these 
studies have been made in the last few years, however, 
particularly in three areas. First, several revealing 
experiments on the response of the F band to applied 
perturbations have been performed. Of particular 
interest are the Faraday rotation studies of Mort, Liity, 
and Brown,' the magnetic circular dichroism studies of 
Margerie and R o m e ~ t a i n , ~ ~ ~  of Garelste and d 'A~bigne ,~  
and of Henry,' and the stress-induced dichroism studies 
of S~hna t t e r ly .~  A particularly useful contribution was 
made by Henry, Schnatterly, and Slichter7 (HSS 
hereafter), who developed a theoretical analysis relating 
J. Mort, F. Lhty, and F. C. Brown, Phys. Rev. 137, A566 
11965) \ - -  --,. 
J. Margerie and R. Romestain, Compt. Rend. 258,4490 (1964). 
a K. Romestain and J. Margerie, Compt. Rend. 258,2525 (1964). 
J. Gareyte and Y. Merle D'Aubigne, Compt. Rend. 258, 
639.1 119M). 
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